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Abstract 
The present work considers parametric analyses that examine the attempts of capturing heat from the exhaust 
gas of 500-kVA power generator.  The heat capturing is performed through the use of counter flow concentric tube 
heat exchanger. The captured heat is utilized to heat water. Therefore, various geometrical configurations of heat 
exchangers are considered and supplied to heat transfer equations. Two flow-patterns are considered, flow-pattern I 
where the exhaust gas is streamed in the inner tube while the water is flowing in the annulus, and flow-pattern II 
where exhaust gas is streamed in the annulus while the water is flowing in the inner tube. The appropriate heat 
transfer modeling is briefly presented. It was found that the most efficient geometrical configuration is found in flow-
pattern II, where water flows in the inner tube with an inner to outer diameter ratio of 0.75. The corresponding 
captured average heat rate of the aforementioned case is 26 kW. 
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1. Introduction 
The necessity to reduce fuel consumption while producing energy has escalated the efforts toward 
developing renewable energy and energy management concepts [1-3]. Heat recovery is a particular route 
in energy management where one tends to mainly capture heat generated from various applications, 
contrary to solar and wind energies where natural energies are invested [3]. Consequently, heat recovery 
or capturing heat has been receiving a special attention, namely, when it comes to heat water in without 
suffering from high costs of using electricity, fuels, and solar energy. Depending on the system in which 
hot fluids or gases are contained, heat recovery/capturing might take place  from  applications; such as,  
internal combustion engines, heat pumps, chillers, chimneys, shower water and power generators [4-9]. 
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Due to a continuous shortage in power supply, Lebanon is replete with residential and commercial 
power generators. The present study considers the application of heat recovery/capturing concepts to 
generators through different geometrical configurations of concentric tube heat exchangers. During the 
cycle of operation of generators, acceptable magnitudes of power are released through the exhaust gas 
which reaches temperatures higher than 300°C depending on applications [9-10]. In each case, the water 
and exhaust inlet temperatures, the exhaust mass flow rate are fixed and the water outlet temperature is 
calculated for various water mass flow rates covering application  ranges for various diameters ratios. 
This paper is organized such that the thermal modelling of performance calculations is exposed in 
section 2 followed by results and analysis section 3. Finally, the main conclusions are drawn in section 4. 
2. Thermal modeling 
The heat exchanger considered in the present study is counter flow concentric tube heat exchanger with 
inner diameter iD , outer diameter oD and length L . However in this section the modeling is only 
presented for the case of gases flowing in the inner tube and water flowing in the annulus. Nevertheless 
the calculations will include gases and water that might flow in either the inner tube or annulus so that 
various geometrical configurations are tested. In any event, the same modeling technique applies but with 
inversing the indices corresponding to the gases and the water. Neglecting the heat transfer between water 
flowing in the annulus and the ambient air, the energy balance can be written as [11]: 
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Where wm and gm  are respectively the water and gases mass flow rates, wpC ,  and gpC , are respectively 
the water and gases specific heats, inwT , and ingT , are respectively the water and gases inlet temperatures, 
outwT , and outgT , are respectively the water and gases outlet temperatures, U is the overall heat transfer 
coefficient between the two fluids. A is the area of heat transfer between the two fluids, and lmT' is the 
logarithmic mean temperature difference between the two fluids calculated from: 
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In most heat exchanger applications, a thin wall of large conductivity is generally used between the two 
fluids and then the overall heat transfer coefficient and the heat transfer area can be calculated from:  
gw hh
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Where wh and gh are the convective heat transfer coefficients of streamed water and gas respectively.  
These coefficients depend on the nature of the flow (laminar or turbulent) and the geometry in which the 
fluid is flowing and can be calculated using the heat transfer correlations found in [11]. To facilitate the 
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calculation of the heat transfer rate that can be recovered from the exhaust gas, one of the outlet 
temperatures should be calculated. Hence, Equations (1) to (4) are rearranged so that one equation with 
one single unknown, the water outlet temperature outwT , , is obtained: 
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Equation (5) is solved by iteration to find the water outlet temperature outwT ,  for given flow rates, inlet 
temperatures and specific heats of water and gas. Afterward, the heat rate recovered from the exhaust gas 
can be determined as: 
  inwoutwwpwexchanger TTCmP ,,,                                                                                                                   (6) 
3. Results and Analysis 
The thermal modeling presented in the previous section is applied to monitor the performance of the 
heat exchanger of the system when the geometrical configurations of the exchanger are varied. For 
analysis purposes a one-meter length counter-flow concentric tube heat exchanger is utilized to heat water 
by the exhaust gas. The water inlet temperature is fixed at 20 °C. The exhaust gas flow rate is equal to 
0.76 kg/s. Additionally, the temperature intensity of gas, for 500-kVA generator, is equal to 550 °C [12] 
and considered to be the temperature at the inlet of the heat exchanger. Finally, three geometrical 
configurations are considered for each flow-pattren; hence, there are six geometrical configurations in 
total. For flow pattern I, three outlet to inlet diameter ratios of 1.25, 1.5, and 1.75 are considered. For flow 
pattern II, three inlet to outlet diameter ratios of 0.25, 0.50, and 0.75 are considered. For configurations of 
flow pattern I, the inner diameter is equal to 0.10 m. For configurations of flow pattern II, the outer 
diameter is equal to 0.10 m. The three geometrical configurations of flow-pattern I is being investigated 
by incrementing the water flow rate from 0.02 to 0.5 kg/s with a step of 0.02 kg/s. Consequently, Figure 
1-a and Figure 1-b portray respectively the variation of the water outlet temperature and the heat rate with 
respect to the water flow rate.  
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Fig. 1. (a) Variation of the water outlet temperature; (b) variation of the waste heat recovered in function of the water mass flow 
rate for different configurations 
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Figure 1-a, demonstrates clearly that the water outlet temperature decreases exponentially with the 
water flow rate and decreases as the outer diameter increases for a fixed inner diameter. As an illustration 
for an outer to inner diameter ratio of 1.25, by increasing the water flow rate from 0.02 to 0.5 kg/s the 
water outlet temperature decreases from 167 °C to 35 °C. For outer/inner diameter ratios of 1.5 and 1.75, 
the water outlet temperature decreases from 111 to 30 °C and from 85 to 23 °C respectively. However, at 
a temperature greater than 100 °C the liquid phase of water changes to vapor, therefore, evaporation will 
take place prior to reaching of the exchanger. Values of vapor temperature will be kept in the calculations 
to quantify the magnitude of wasted heat that can be recovered. 
From Figure 1-b, it can be shown that for an outer/inner diameter ratio of 1.75 the heat rate (5.5 
kW) is almost invariant. For the diameter ratios of 1.25 and 1.5, sudden increase in the heat rate takes 
place at a specific water flow rate. As illustration for an outer/inner diameter ratio of 1.25, the heat rate is 
almost constant around 13.5 kW up to a water flow rate of 0.36 kg/s at which it increases suddenly to 27.9 
kW and continue its increase exponentially. The same trend is noted for the diameters ratio of 1.5 but 
with different magnitudes and transition for a water flow rate of 0.4 kg/s. The sudden increase in heat 
rates, which occur at constant water flow rate, are due to the transition from laminar to turbulent regimes 
that take place due to variation of geometrical  configurations. To illustrate, Figure 2 shows the variation 
of the Reynolds number of water in terms of the water flow rate for the three configurations tested above.  
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Fig. 2. Variation of the Water Reynolds number in terms of the water flow rate for the first three configurations tested 
As seen, the transition to turbulent regime takes place at a Reynolds number of 2300. It is found 
that by varying the water flow rate from 0.02 to 0.5 kg/s for an outer/inner diameter ratio of 1.75, the flow 
remains laminar with the Reynolds number varying from 182 to 2271. For an outer/inner diameter ratio of 
1.5, the Reynolds number varies from 233 to 2808, however, a Reynolds number of 2300 is reached 
around 0.4 kg/s of water flow rate. For an outer/inner diameter ratio of 1.25, the Reynolds number 
increases from 380 to 3485; however, 2300 Reynolds number is reached at water around flow rate of 0.36 
kg/s. It should be recognized that the inner Reynolds number of gas equals 256640 and is invariant with 
respect to the three geometrical configurations and with the water flow rate. This high Reynolds number 
induces high convective coefficient of the gas flow. 
For the three geometrical configurations, prior to turbulence transition as the water flow rate 
increases the water convective coefficient increases negligibly compared to the gas convective 
coefficient, hence, resulting in a negligible effect on the overall heat transfer coefficient of equation (3) 
and subsequently on the heat rate. For the outer/inner diameter ratios of 1.25 and 1.5, when transition 
takes place, the water convective coefficient increases to a bound that becomes no longer negligible 
compared to the gas convective coefficient. This increase in the water convective coefficient provokes an 
increase in the overall heat transfer coefficient and subsequently in the heat rate. 
Based upon the aforementioned observations, it is recommended to lay the outer diameter in close 
vicinity to inner diameter so that the heat rate is enhanced. Furthermore, by decreasing the outer diameter 
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for a fixed inner diameter, one is accelerating the transition from laminar to turbulent flow, therefore 
enhancing the heat transfer rate for the same quantity of streamed water. Moreover, for each geometrical 
configuration, the mass flow rate corresponding to the transition bound should be preliminary calculated 
and beyond bound mass flow rates are recommended.    
 Carrying on, the three geometrical configurations of flow-pattern II is being investigated by 
incrementing the water flow rate from 0.02 to 0.5 kg/s with a step of 0.02 kg/s. Figure 3-a and Figure 3-b 
illustrate respectively the variation of the water outlet temperature and heat rate (Power) as a function of 
the water flow rate.  
 
0,0
20,0
40,0
60,0
80,0
100,0
120,0
0 0,1 0,2 0,3 0,4 0,5
O
ut
le
t t
em
pe
ra
tu
re
 (°
C
)
Water flow rate (kg/s)
In. Dia. / Out. Dia. = 0.25
In. Dia. / Out. Dia. = 0.50
In. Dia. / Out. Dia. = 0.75
0,0
5,0
10,0
15,0
20,0
25,0
30,0
35,0
40,0
45,0
0 0,1 0,2 0,3 0,4 0,5
H
ea
t r
at
e 
(k
W
)
Water flow rate (kg/s)
In. Dia / Out. Dia. = 0.25
In. Dia. / Out. Dia. = 0.50
In. Dia. / Out. Dia. = 0.75
(a) (b)  
Fig. 3. (a) Variation of the water outlet temperature; (b) variation of the waste heat recovered as function of the water mass flow 
rate for the three last configurations 
From Figure 3-a, it can be shown that the water outlet temperature decreases exponentially with 
the water flow rate and increases upon enlarging the inner diameter for a fixed outer diameter. As an 
illustration for an inner/outer diameter ratio of 0.25, by increasing the water flow rate from 0.02 to 0.5 
kg/s the water outlet temperature decreases from 82 °C to 26 °C. For inner/outer diameter ratios of 0.5 
and 0.75, the water outlet temperature decreases from 101 to 33 °C and from 112 to 40 °C respectively. In 
contrary to flow-pattern I where the water is streamed into the annulus, Figure 3-b shows that the heat rate 
is increasing exponentially with the water flow rate. As illustration for an inner/outer diameter ratio of 
0.25, the heat rate increases from 5.3 to 13 kW. However, it is recognized that the increase in the heat rate 
is escalated as the inner diameter increases, for instance, the heat rate increases from 6.8 to 26.3 kW for  
an inner/outer ratio of 0.5 and from 7.7 to 41.2 kW for an inner/outer ration of 0.75.  
Comparing with the three geometrical configurations of flow-pattern I, it can be seen that the 
transition from laminar flow to turbulent flow in the three geometrical configurations of flow-pattern II 
takes place at lesser water flow rate. This is contributed to the decrease in the inner diameter. This causes 
the heat rate sudden changes to occur at lesser flow rates than in the case of Figure 1-b of flow pattern I.  
Finally, if one considers the six configurations at the same time and calculates the average heat 
transfer rate, it can be found that geometric configurations of flow-pattern II, namely, the inlet-to-outlet 
diameter ratios of 0.50 and 0.75 (for which the heat rates are respectively 20.2 and 26.2 kW) are more 
promising than the geometric configurations of flow-pattern I, namely, the outlet-to-inlet ratios of 1.25 
and 1.5 (for which the heat rates are respectively 18.1 and 10.2 kW).  
4. Conclusions 
The present work considers parametric analyses that capture heat from the exhaust of a 500-kVA 
power generator. The heat is captured through the use of counter flow concentric tube heat exchanger. 
Two flow-patterns are considered, flow-pattern I in which the exhaust gas flows in the inner tube and 
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water in the annulus, whereas for flow-pattern II, water flows in the inner tube and gas flows in the 
annulus. Each of the aforementioned flow-patterns considered three different geometric configurations in 
which the diameters ratios are varied. It was concluded that water can be heated up to a temperature 100 
°C depending on the mass flow rate. Geometrical configurations employed in flow-pattern II show 
superior heat rates to those obtained from the geometric configurations employed in flow-pattern II. For 
flow-pattern I it is recommended to position the outer diameter in a close vicinity of the constant inner 
diameter. However, for flow-pattern II, it is recommended to locate the inner diameter in a close vicinity 
of the constant outer diameter. In both cases, design tolerances and specifications should be checked.  
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